Protein kinase C is specifically regulated by diacylglycerol and the amino phospholipid, phosphatidylserine. The molecular basis for the phosphatidylserine specificity was recently proposed to arise from the presence of a putative phosphatidylserine binding motif, FXFXLKXXXKXR, localized in the C2 domain of protein kinase C (Igarashi, K., Kaneda, M., Yamaji, A., Saido, T. C., Kikkawa, U., Ono, U., Inoue, K., and Umeda, M. (1995) J. Biol. Chem. 270, 29075-29078). To determine whether this motif mediates the interaction of protein kinase C with phosphatidylserine, the carboxyl-terminal basic residues were mutated to Ala in protein kinase C ␤II (K236A and R238A), and the phosphatidylserine regulation of the mutant enzyme was examined. Membrane binding and activity measurements revealed that the phosphatidylserine regulation for the mutant protein was indistinguishable from that of wild-type protein kinase C. Specifically, neither the apparent membrane affinity for phosphatidylserine-containing membranes in the presence or absence of diacylglycerol nor the phosphatidylserine-dependence for activation was affected by removal of the conserved basic residues at the carboxyl terminus of the consensus sequence. In addition, a synthetic peptide corresponding to the amino terminus of the consensus sequence (FTFNVK) had no effect on the concentration of phosphatidylserine resulting in half-maximal activation of protein kinase C. These results reveal that the carboxylterminal basic residues in the consensus motif FXFX-LKXXXKXR are not responsible for the phosphatidylserine selectivity of protein kinase C and that, furthermore, the region of the C2 domain containing this motif is not involved in the membrane binding of protein kinase C.
The protein kinase C family of serine/threonine kinases transduces the multitude of extracellular signals that result in generation of the lipid second messenger, diacylglycerol (1, 2) . This lipid causes protein kinase C to translocate from the cytosol to, typically, the plasma membrane where it becomes activated by an additional interaction with phosphatidylserine. Membrane translocation is mediated by two membrane-targeting modules, the C1 and the C2 domains. Each comprises a functional module present separately in a number of otherwise unrelated proteins (3) . The C1 domain of conventional and novel protein kinase Cs binds membranes via a high affinity interaction with diacylglycerol or its analog, phorbol esters. The C2 domain is responsible for the calcium-dependent binding to anionic lipids for a number of amphitropic proteins, including the conventional protein kinase Cs. Although protein kinase C can be recruited to membranes by either domain alone, maximal activation of the enzyme requires membrane binding of both the C1 and C2 domains. The resulting membrane interaction is of sufficiently high affinity to provide the energy to break the interaction between the autoinhibitory pseudosubstrate and the active site.
An intriguing property of protein kinase C lipid regulation is the remarkable selectivity of the enzyme's for phosphatidylserine. Shortly after the enzyme's discovery, Nishizuka and co-workers (4) discovered that the "membrane-associated factor" that activated protein kinase C was phosphatidylserine. Extensive enzymological studies by Bell and workers (5) in the mid-1980s revealed strict specificity for the L-serine headgroup in activating the enzyme, with alterations in the stereochemistry of the headgroup, distance between carboxyl and amine groups, or removal of any functional group resulting in phospholipids unable to significantly activate protein kinase C.
Binding measurements revealed that this selective recognition of phosphatidylserine occurs only in the presence of diacylglycerol (6 -8) . In the absence of diacylglycerol, protein kinase C binds all anionic lipids with equal affinity; this interaction is driven primarily by electrostatic forces and depends only on the net charge of the lipid rather than its structure (8) . However, the presence of diacylglycerol causes a dramatic increase in the affinity of protein kinase C for phosphatidylserine-containing surfaces (mixed micelles or membranes) relative to surfaces containing other anionic lipids. For example, diacylglycerol was shown to cause a 250-fold increase in the affinity of protein kinase C for mixed micelles containing phosphatidyl-L-serine compared with only a 10-fold increase in affinity for micelles containing phosphatidyl-D-serine (8) . This remarkable selectivity for phosphatidylserine appears to be unique to protein kinase C and is not a common feature of other C2 domain-containing proteins (9) .
A mechanism mediating phosphatidylserine specificity was proposed recently based on identification of a putative phosphatidylserine-binding motif. The motif was localized to a consensus sequence (FXFXLKXXXKXR) found in the C2 domain of protein kinase C (residues 227-238 of protein kinase C ␤); it was identified based on the ability of anti-idiotypic antibodies raised against the combining site of a phosphatidylserine-specific antibody to bind protein kinase C or peptides based on the C2 domain (10) . The amino-terminal hydrophobic residues of the consensus sequence (see Fig. 1A ) are conserved in most known C2 domains, including those in proteins that bind membranes with no selectivity for phosphatidylserine (9) . Thus, these residues are unlikely to dictate phosphatidylserine specificity and may be more important in maintaining the charac-teristic ␤-strand structure of the C2 domain. In contrast, the three basic residues in the carboxyl-half of the consensus sequence are commonly found in proteins that specifically interact with phosphatidylserine, such as the protein kinase Cs and phosphatidylserine decarboxylase (11, 12) , and are therefore more likely to comprise a phosphatidylserine-specific binding site.
This contribution investigates the role of the putative phosphatidylserine-binding motif in the lipid regulation of protein kinase C ␤II. Mutation of the conserved carboxyl-terminal basic residues, in addition to competition studies with a peptide based on the amino-terminal sequence of the motif, reveals that this motif does not regulate the specific interaction of protein kinase C with phosphatidylserine or its nonspecific interaction with anionic lipids. Thus, the FXFXLKXXXKXR consensus motif does not provide determinants that bind phosphatidylserine, nor is it involved in the lipid regulation of protein kinase C.
EXPERIMENTAL PROCEDURES

Materials
1-Palmitoyl-2-oleoylphosphatidylserine, 1-palmitoyl-2-oleoylphosphatidylcholine, 1-palmitoyl-2-oleoylphosphatidylglycerol and sn-1,2-dioleoylglycerol were purchased from Avanti Polar Lipids. Triton X-100 and peroxidase-conjugated anti-rabbit IgG antibodies were from Calbiochem. The protein kinase C-selective peptide substrate (Ac-FKKS-FKL-NH 2 ) were from NEN Life Science Products. Electrophoresis reagents were from Calbiochem or Fisher. Polyvinylidene difluoride membrane was purchased from Millipore. Protein kinase C ␤II was purified to homogeneity from the baculovirus expression system and was stored at Ϫ20°C in 10 mM Tris (pH 7.5 at 4°C), 0.5 mM EDTA, 0.5 mM EGTA, 150 mM KCl, 0.5 mM DTT, and 50% (v/v) glycerol as described (13) . Antibodies against protein kinase C ␤II were a generous gift from Drs. Andrew Flint and Daniel Koshland (University of California, Berkeley).
Methods
Mutagenesis-Mutation of Lys 236 and Arg 238 to Ala in protein kinase C ␤II was achieved using the polymerase chain reaction with wild-type protein kinase C ␤II in pBlueScript as a template. The sense primer encoding the desired changes was CCCAGATCTCTACGGA-CAGTCTTGCGTCTGCGTCTGATTCCTTC and contained a BglII site, and the antisense primer was TCTGGTACCTATGGACCCC and contained a KpnI site. The resulting 179-base pair PCR-amplified fragment was digested with KpnI and BglII. This was ligated with two fragments of the protein kinase C ␤II-pBlueScript vector: a 1102-base pair fragment generated by complete digestion with NsiI and BglII, and a 3931-base pair fragment generated by complete digestion with NsiI and partial digestion with KpnI. The presence of the mutations was confirmed by sequencing and by digestion at a new HgaI site introduced by the mutation. The K236A/R238A-protein kinase C ␤II DNA was then subcloned into the baculovirus-transfer vector pVL1393 using XbaI and SmaI. To create a recombinant baculovirus, the resulting vector was co-transfected with BaculoGOLD wild-type baculovirus DNA into Sf-21 cells. Recombinant virus was harvested after 6 days and subjected to 2 rounds of amplification as described (14) .
Protein Expression and Cell Fractionation-Recombinant baculovirus encoding wild-type or K236A/R238A protein kinase C ␤II was incubated with Sf-21 cells for 4 h and then diluted with media and incubated at 27°C. Cells were harvested 60 -72 h after infection and lysed in 50 mM HEPES, pH 7.5, 0.2% (w/v) Triton X-100, 1 mM EDTA, 1 mM EGTA, 1 mM DTT, 85 M leupeptin, 2 mM benzamidine, 0.4 mM phenylmethylsulfonyl fluoride at 4°C. The lysate was centrifuged at 100,000 ϫ g for 20 min at 4°C to separate the detergent-soluble fraction (supernatant) from the detergent-insoluble fraction (pellet). The detergent-insoluble pellet was resuspended in lysis buffer by sonication and analyzed by gel electrophoresis. The detergent-soluble supernatant was used as the source of protein kinase C for activity and binding measurements. Qualitatively similar activation kinetics and membrane affinities were observed for wild-type protein kinase C ␤II in the detergent-soluble fraction and for homogeneously pure protein kinase C ␤II (data not shown). Detergent-soluble and resuspended particulate fractions were stored at Ϫ20°C in 50% glycerol.
Western Blot Analysis of Expressed Protein Kinase C-The distribution of protein kinase C in the detergent-soluble and detergent-insoluble fractions was analyzed by Western blot analysis. Samples of the extracts were separated on SDS-polyacrylamide gels (7% acrylamide) and transferred to polyvinylidene difluoride membrane. Blots were probed with antibodies reactive against the catalytic domain of protein kinase C ␤II, and labeling was detected by chemiluminescence after incubation with peroxidase-conjugated secondary antibodies. Antibody staining was quantified by densitometric analysis of blots (Molecular Dynamics scanner, ImageQuant software) and compared with standard amounts of purified protein kinase C ␤II that had been electrophoresed on the same gel.
Lipids-Sucrose-loaded large unilamellar vesicles containing trace [ 3 H]DPPC were prepared by drying mixtures of lipids in chloroform under a stream of nitrogen, followed by evacuation under vacuum, suspension of lipids in 20 mM HEPES, pH 7.5, 170 mM sucrose, and then 5 freeze-thaw cycles followed by extrusion using a Liposofast microextruder (Avestin, Inc.) as described (15) . Triton X-100 mixed micelles were prepared by resuspending dried lipids in buffer containing 1% Triton X-100, as described (16) . Phospholipid concentration in chloroform stocks was determined by measuring free phosphate (17) , and purity of lipids was checked by thin layer chromatography.
Protein Kinase C Activity Assay-Protein kinase C activity toward a synthetic peptide (Ac-FKKSFKL-NH 2 ) was analyzed as described previously (13) . The standard reaction contained 20 mM HEPES, pH 7.5, 2 mM DTT, 5 mM MgCl 2 , 100 M ATP, 50 M peptide substrate, and either 0.5 mM EGTA (non-activating conditions) or 0.5 mM CaCl 2 and sonicated dispersions of phosphatidylserine (140 M) and diacylglycerol (4 M). For some experiments, assays contained Triton X-100, lipid mixed micelles (0.1% Triton X-100) of the compositions noted in the legends to Figs. 4 and 6. For peptide competition studies, a peptide stock (20 mM in ME 2 SO) was diluted to 1 mM in 20 mM HEPES, pH 7.5, and added to the assay mixture to yield a final concentration of 280 M peptide and 1.5% (v/v) ME 2 SO. 1 unit of activity is defined as 1 nmol of phosphate transferred per minute at 30°C.
Protein Kinase C Membrane-binding Assay-The membrane affinity of protein kinase C was determined by measuring the binding to sucrose-loaded vesicles, as described (7, 15, 18) . Briefly, protein kinase C in the detergent-soluble fraction of cells (0.8 nM protein kinase C, containing less than 0.001% Triton X-100 in the binding mixture) was incubated with sucrose-loaded vesicles (100 M lipid) in the presence of 0.3 mM CaCl 2 , 0.3 mg ml Ϫ1 BSA, 100 mM KCl, 1 mM DTT, 5 mM MgCl 2 , 20 mM HEPES, pH 7.5. Membrane-bound protein kinase C was separated from free enzyme by centrifugation at 100,000 ϫ g for 30 min at 25°C. The fraction of sedimented vesicles was determined from radioactivity; the fraction of protein kinase C that sedimented with the vesicles was determined by assaying the activity of protein kinase C in the supernatant and pellet under identical conditions using the cofactor-independent substrate, protamine sulfate (0.2 mg ml Ϫ1 ). The apparent membrane affinity was calculated as the ratio of free/bound protein kinase C divided by the total lipid concentration, as described (15) .
Data Analysis-Free calcium was calculated using a program from Claude Klee which takes into account concentrations of Mg 2ϩ , ATP, Na ϩ , EGTA, EDTA, and pH (19) . Data describing the phosphatidylserine-dependence of activation were fit to a modified Hill equation as described (16) using the program Sigma Plot.
RESULTS AND DISCUSSION
Expression and Activity of Mutant Protein Kinase C-To test the role of the putative phosphatidylserine-binding motif, FXFXLKXXXKXR, in the regulation of protein kinase C, we investigated the effect of mutating the two carboxyl-terminal basic residues on the lipid regulation of protein kinase C. Specifically, Lys-236 and Arg-238 in protein kinase C ␤II were mutated to Ala to form the K236A/R238A mutant. Basic residues at one or both corresponding positions are generally found in the C2 domain of proteins that selectively recognize phosphatidylserine, such as the conventional protein kinase Cs and the yeast phosphatidylserine decarboxylase 2 but not in C2 domains of proteins that do not display phosphatidylserine specificity (Fig. 1A) . This motif is also present in phosphatidylserine-regulated proteins that do not appear to have a C2 domain, such as the yeast phosphatidylserine decarboxylase 1, a mammalian phosphatidylserine decarboxylase, and a recently identified phosphatidylserine-specific phospholipase A 1 (Fig. 1A) . In C2 domains, the sequence is localized to a loop at the opposite end of the Ca 2ϩ site, with the hydrophobic residues pointing into the ␤ sandwich and the charged residues surfaceexposed (Fig. 1B) .
The K236A/R238A mutant and wild-type protein kinase C were expressed in insect cells by baculovirus infection, and expression levels, subcellular fractionation, and electrophoretic mobilities of the proteins were compared. The Western blot in Fig. 2 shows that both proteins were expressed to comparable levels in Sf-21 cells. Lysate of cells expressing both wild-type protein kinase C ␤II and the K236A/R238A mutant contained a major band migrating with an apparent molecular mass of 80 kDa (arrow) and a minor band migrating with an apparent molecular mass of 76 kDa. We have previously shown that the different electrophoretic mobilities arise from different phosphorylation states: the slowest migrating form represents mature protein that is phosphorylated at three positions and the faster migrating form represents partially or nonphosphorylated species (20) . As reported previously (20) , the upper band of wild-type protein kinase C (arrow) partitioned exclusively in the detergent-soluble fraction (lane 2), whereas the faster migrating band, containing partially phosphorylated species, partitioned exclusively in the detergent-insoluble fraction (lane 3). Similar partitioning was observed for the K236A/R238A mutant: the upper band was localized to the detergent-soluble fraction (lane 5) and the slower migrating bands to the detergent-insoluble fraction (lane 6). Thus, mutation of the C2 domain did not affect the expression of protein kinase C, its processing by phosphorylation, or its subcellular fractionation. The protein kinase C in the detergent-soluble fraction was used in subsequent experiments. Note that a faint (Ͻ10% of total protein kinase C) slower migrating band was detected in the detergent-soluble fraction of the K236A/R238A mutant suggesting additional phosphorylation on a minor fraction of the expressed enzyme; this minor additional band has been observed with other C2 domain mutants expressed in insect cells (21) . Fig. 3 shows that the specific activity of the K236A/R238A mutant (open bars), assayed in the presence of saturating lipid and Ca 2ϩ , was indistinguishable from that of wild-type enzyme (solid bars; 220 Ϯ 20 units nmol Ϫ1 and 200 Ϯ 20 units nmol Ϫ1 , respectively). Basal activity in the absence of cofactors was also similar for both the mutant and wild-type protein kinase C (14 Ϯ 3 and 18 Ϯ 3 units nmol Ϫ1 , respectively). Thus, mutation of Lys-236 and Arg-238 did not affect the catalytic activity of protein kinase C.
Phosphatidylserine Dependence of Mutant Protein Kinase C-As a first step to determine whether Lys-236 and Arg-238 modulate the lipid interaction of protein kinase C, we examined the phosphatidylserine dependence for activation of the mutant and wild-type enzyme. Fig. 4 shows that the phosphatidylserine-dependence for activation of the K236A/R238A mutant, measured in the presence of Triton X-100, lipid mixed micelles containing 5 mol % diacylglycerol, was the same as that of wild-type enzyme. Specifically, the mutant (open circles) and wild-type (solid circles) enzymes were half-maximally activated by 9.0 Ϯ 0.6 and 9.5 Ϯ 0.6 mol % phosphatidylserine, respectively. Lowering the Ca 2ϩ concentration from 0.5 mM (Fig. 4 ) to 1 M increased the concentration of phosphatidylserine required for half-maximal activation, as reported previously (6), but did not cause any differences in the phosphatidylserine regulation of the mutant compared with wild-type enzyme (data not shown). No activity was observed for either protein in the absence of diacylglycerol (Fig. 4, squares) nor if phosphatidylserine was replaced with another anionic lipid, phosphatidylglycerol (data not shown), as previously reported for wildtype protein kinase C (8). The indistinguishable kinetics of phosphatidylserine-dependent activation of the mutant and wild-type protein kinase Cs reveal that residues Lys-236 and Arg-238 are not involved in the activation of protein kinase C by phosphatidylserine.
Membrane Binding of Mutant Protein Kinase C-Although the above results establish that there is no effect of the K236A/ R238A mutation on protein kinase C's activation by phosphatidylserine, we explored whether the mutation altered the affinity of protein kinase C for membranes. In particular, we tested whether the mutation altered protein kinase C's low-affinity interaction with acidic lipids that occurs in the absence of diacylglycerol and whether the mutation altered protein kinase C's high-affinity interaction with phosphatidylserine-containing membranes that occurs in the presence of diacylglycerol. ). This is consistent with our previous finding that protein kinase C binds a variety of anionic lipids with equal affinity in the absence of diacylglycerol (8) . As reported previously, diacylglycerol caused an approximately 100-fold increase in the affinity of wild-type protein kinase C for the phosphatidylserine-containing membranes but only a 6-fold increase in the affinity of the wild-type enzyme for phosphatidylglycerol-containing membranes. More importantly, diacylglycerol had the same effect on the interaction of the K236A/R238A mutant with membranes: it selectively increased the enzyme's interaction for the phosphatidylserine-containing membranes. Specifically, diacylglycerol caused the apparent membrane affinity of the mutant to increase 86-fold, from 1. . The apparent membrane binding affinity was calculated from the amount of protein kinase C that was free and the amount that was vesicle-associated, as described (15) . Data are expressed as the mean Ϯ range of duplicate measurements.
phatidylserine-containing membranes and only 5-fold, from 1.6 ϫ 10 3 M Ϫ1 to 8.7 ϫ 10 3 M Ϫ1 , for phosphatidylglycerolcontaining membranes. These data reveal that the basic residues in the putative phosphatidylserine motif have no effect on 1) the nonspecific interaction of protein kinase C with anionic lipids that occurs in the absence of diacylglycerol, or 2) the specific interaction of protein kinase C with phosphatidylserine that occurs in the presence of diacylglycerol.
We have previously shown that membrane binding of wildtype protein kinase C results in a 100-fold increase in the proteolytic sensitivity of the hinge separating the regulatory and catalytic moieties of the enzyme (16) . Examination of the proteolytic sensitivity of the mutant revealed that 1) membrane binding induced the same increase in proteolytic sensitivity of the hinge as occurs for wild-type enzyme, and 2) the stability of the mutant was similar to that of wild-type enzyme (data not shown). Thus, the mutation of the putative phosphatidylserine binding motif did not affect protein kinase C's conformation or stability as detected using proteases.
Competition for Phosphatidylserine by a Consensus Motif Peptide-To investigate the possibility that the amino-terminal half of the putative phosphatidylserine binding motif (FXFXLK) alone may function as a phosphatidylserine binding site, we tested whether a synthetic peptide based on this sequence (FTFNVK) could compete with protein kinase C for phosphatidylserine. Fig. 6 shows that this peptide had no significant effect on the phosphatidylserine-dependence for activation of pure protein kinase C ␤II: the enzyme was half-maximally activated by approximately 8 mol % phosphatidylserine (140 M) either in the presence (solid circles) or absence (open circles) of 280 M peptide. Thus, a hexapeptide based on the amino-terminal half of the putative phosphatidylserine-binding motif was unable to sequester phosphatidylserine and alter the protein kinase C requirement for phosphatidylserine for activation. It is noteworthy that this sequence is unlikely to be involved in phosphatidylserine selectivity since it is present in C2 domains that do not show preference for phosphatidylserine (9) .
Conclusions-The foregoing data reveal that basic determinants in the motif FXFXLKXXXKXR, proposed to confer phosphatidylserine specificity based on its recognition by anti-idiotypic phosphatidylserine antibodies (10), are not involved in protein kinase C's lipid regulation. Mutation of the two carboxyl-terminal basic residues results in a protein with indistinguishable lipid regulation from that of wild-type protein kinase C. Most strikingly, the diacylglycerol-induced high affinity interaction of the mutant with phosphatidylserine-containing membranes is the same as that of wild-type enzyme, revealing that the carboxyl-terminal half of the motif is not involved in the specific interaction with phosphatidylserine that is the hallmark of protein kinase C's membrane interaction. In addition, the low affinity interaction of the enzyme with anionic lipids that occurs in the absence of diacylglycerol is the same as that of wild-type enzyme. Thus, at least for protein kinase C, the motif FXFXLKXXXKXR is not involved in phospholipid regulation. It is nonetheless curious that this motif is found in a number of proteins that interact with phosphatidylserine; whether it mediates a separate function unrelated to lipid binding, perhaps providing determinants that maintain the fold of specific domains, or determinants involved in proteinprotein interactions, remains to be explored.
These data also establish that the loop at the opposite end of the Ca 2ϩ site in the C2 domain (Fig. 1B) is positioned away from the membrane; the basic charges in the loop are not sensed by the negative surface potential of the membrane since these charges have no effect on protein kinase C's affinity for anionic membranes. We have recently shown that removal of four positive charges on the top face of the C2 domain (␤ sheet behind Ca 2ϩ site in Fig. 1 ) also has no effect on protein kinase C's affinity for phosphatidylserine (21) . In contrast, mutation of residues in the Ca 2ϩ site markedly alter protein kinase C's membrane interaction. Taken together, mutagenesis data are consistent with the C2 domain interacting with membranes exclusively via the Ca 2ϩ -binding site. 
